SUMMARY The aims of this study are: (1) to determine the frequencies of the various genetic forms of retinitis pigmentosa; and (2) to perform segregation analysis on autosomal dominant, autosomal recessive, and X-linked families. The families studied consisted of 2 series of patients at Moorfields Eye Hospital: (1) 426 families seen in the Genetic Clinic; and (2) 289 families seen in the Electrodiagnostic Department. Comparison between the 2 series identified biases of ascertainment, and it was estimated that the combined series included 53% of simplex cases and a minimum of 15% of X-linked families. Segregation analysis of the Genetic Clinic series showed good agreement with expectation in autosomal dominant and X-linked families, but indicated that no more than 70% of all simplex cases were autosomal recessive. The rest of the simplex cases were mildly affected and may represent fresh autosomal dominant mutations, autosomal dominant transmission with reduced penetrance, the heterozygous state of X-linked disease in some of the females, and phenocopies.
The early authors classified the different genetic forms of retinitis pigmentosa using much the same system as did Nettleship2 in defining heredity in his series. Three main categories were recognised: (1) continuous, with direct inheritance in an unbroken line; (2) discontinuous, with parents normal but affected aunts, uncles, cousins, or grandparents; (3) collateral, where the parents were normal but sibs were affected. A fourth group consisted of cases inherited from both parents, when the heredity was termed double or reinforced.
In modem terminology the first group corresponds to autosomal dominant transmission; the second might be autosomal recessive, X-linked, or autosomal dominant with reduced penetrance depending on the pedigree; and the third group probable autosomal recessive. It is very difficult, however, to analyse Correspondence to Dr Marcelle Jay. Part of a thesis accepted by the University of London for the degree of PhD.
either the Nettleship2 or Bell3 series of pedigrees, as insufficient information is available.
Since 1925 the genetics of retinitis pigmentosa have been studied extensively in Europe,"'0 and as a result the autosomal recessive mode of transmission has been considered to be the most common.'1-20 The significance of X-linked transmission in retinitis pigmentosa was probably recognised intuitively by Nettleship (1845 Nettleship ( -1913 Japan,30343 the USSR,36 the United Kingdom,"33 and the USA.3' Some of these studies were based on clinical and hospital records, and others were obtained from various samples of well-defined populations. The proportions of the different genetic forms vary from one series to another, and they reflect the ethnic and other socioeconomic factors which influence the prevalence of any genetically determined disease in a given population (Table 1) . Consanguinity rates vary: in Switzerland and in Israel they are relatively high, whereas in Japan30 they 405 are low and similar to those in the UK42 and in the USA. 39 The sex ratio, from which calculations of an expected proportion of X-linked cases can be made, is not always indicative of the true distribution of X-linked disease. In the USSR, for example, there was a significant excess of female probands (415 females to 263 males). Such an excess of female probands is a bias of ascertainment which might surprise an ophthalmologist, but is a common experience of clinical geneticists. The aims of the present study are to determine the frequencies of the different genetic forms of retinitis pigmentosa, to perform segregation analysis where possible, and to analyse certain factors which are relevant to genetic counsellors faced with a patient in whom the diagnosis of retinitis pigmentosa has been established.
Patients and methods
The patients in this study were drawn from 2 different sources and form separate groups.
(1) 426 families with retinitis pigmentosa were seen in the Genetic Clinic of Moorfields Eye Hospital in the period from July 1969 to August 1979 (and this series will be referred to as the GC series). Patients in these families were referred mainly from general clinics within the hospital, though a number were referred from other hospitals or from general practitioners. They do not, however, represent every case of retinitis pigmentosa seen within the hospital during this period. Their referral was usually for assessment, for genetic counselling, or stimulated by the various research projects being carried out in the Genetic Clinic, and patients in this series were seen by one of 3 clinicians. The number of apparently unaffected probands was 9-6% of the total and reflects the concern of asymptomatic subjects who have affected relatives for the implications to their own children. This is particularly relevant for women and is illustrated in the X-linked families, in which between one-quarter Comparison of frequency of genetic forms. The frequency of the various genetic forms differs when calculated as a proportion of the families on the one hand, and as a proportion of the total number of affected individuals in the pedigree on the other. The proportion of autosomal dominant disease is much higher (38%) among affected individuals than among families, where it is 24-4%. Similarly, the X-linked proportion is 15-7% among families and 32-6% among affected individuals. This clearly illustrates the bias which is introduced when a series is based on affected individuals with a positive family history.
The frequency of autosomal dominant retinitis pigmentosa among families (24-4%) is much lower than the 39% found in previous studies.93738 This may be the result of a different division of the series or of the relatively higher proportion of X-linked and simplex cases in the present series. The proportion of autosomal dominant disease in the present study is comparable to 2 Sther studies: Frangois8 found 19-5%, and Fishman' found 26%.
The frequency of autosomal recessive retinitis pigmentosa is 6-4%, which does not take into account all the simplex and multiplex cases which may be recessive after removal of the X-linked proportion, and this topic will be discussed in the light of the results of segregation analysis.
The estimation of the frequency of genetic forms among families shows that the proportion of simplex cases is slightly higher than in a previous study based on 305 families.43 This may be due to more generalised referral from various sources or from a greater demand by patients for assessment and counselling.
Estimation of X-linked form in simplex and multiplex sibships. A method suggested by Fraser45 was used to estimate the X-linked proportion in these groups, based on the comparison of sibships with affected members of one sex only. With autosomal recessive inheritance there should be as many sibships of males only affected as of females only affected. The defined autosomal recessive sibships are removed from the analysis, and the excess of sibships with only males affected can be directly attributable to X-linked inheritance. Furthermore a sibship with, for example, possible that a high proportion of X-linked families in the country has now been ascertained, in contrast to autosomal dominant families, where the disease is milder and ascertainment less complete. The number of patients with identifiable X-linked retinitis pigmentosa is still rising, but many of these belong to families already ascertained. There are also one or 2 instances in which 2 or 3 small X-linked pedigrees have been found to be parts of one large pedigree, and presumably this occurrence will become more common with time.
The relatively high proportion of X-linked retinitis pigmentosa in this series may be due to the higher prevalence of this form of the disease in this country than in others. A study in the USA in a series of comparable size39 identifies the proportion of X-linked as 8-9%, the data being derived from a questionnaire. However, in view of all the clinical problems of the identification of this form, the proportion of X-linked retinitis pigmentosa in the USA may well be considerably higher than 8-9%. Unfortunately, the extensive study in Japan30 gave no indication of the proportion of the X-linked form.
Another reason for the high proportion of X-linked retinitis pigmentosa in this study is the high referral rate, which results from several factors. These include: the occurrence of severe disease in several generations (and in some families with many affected members); the known interest of clinicians at Moorfields Eye Hospital in X-linked disorders; and the observation that a number of obligate heterozygotes have deduced the mode of inheritance of the disorder in their families, and have requested genetic counselling and advice on the prognosis of the disease not only for themselves but often for their children. It is also evident that the clinical identification of heterozygotes may be difficult, particularly when they are young and the fundus changes may be minimal.
ELECTRODIAGNOSTIC SERIES
Distribution of probands. The electrodiagnostic series consists of 289 families in which a tentative diagnosis of retinitis pigmentosa was made by a clinician from a general clinic at Moorfields Eye Hospital or from another hospital and patients were referred to establish a diagnosis. The distribution of families and probands according to genetic form and sex is shown in Table 5 . The sex distribution among probands in all simplex and multiplex cases with or without consanguinity is 142 males and 90 females. The deviation from the expected sex ratio is highly significant (x2= 11-66, p<O-0l), and consistent with a The proportion of autosomal dominant families in the MEH series is 20-6%, which is comparable to the 19 5% found by Francois' but approximately half the proportion found in previous studies on patients attending the Genetic Clinic.9 37-38 The relative frequencies of X-linked and autosomal recessive families depend on calculations which cannot be applied to the ED series, although it can be seen that there is a minimum of 15% (106/715) X-linked families in the combined series. This proportion is probably very similar to the 16% found by Fishman' in a much smaller series of 173 cases, but is lower than the consistent value of 25% found in previous studies on patients from the Genetic Clinic.93738
It is tempting to speculate to what degree the proportion of 52-9% of simplex cases and a minimum of 15% of X-linked families in the MEH series is representative of the population in the country as a whole. Moorfields Eye Hospital has a special status. It is not solely a secondary referral hospital, for its has both a large general outpatient department and a large casualty department with an 'open door' policy, and 249 312 outpatients were seen in the 2 branches of the hospital in 1978.48 A large proportion of the outpatients are referred from general practitioners, and a significant proportion live outside London.
Although there is provision for race and religion on the special Genetic Clinic notes, these are not invariably recorded. It is apparent from the limited data available, and from the number of consanguineous marriages among Muslims and Hindus, that the immigrant population in south-east England is represented in the GC series, although their exact proportion is not known. The Electrodiagnostic Clinic is even more cosmopolitan in the ethnic origin of its patients. Similarly, the patient's occupation or profession is not always recorded. It seems, however, from. the data which are available that retinitis pigmentosa is no respecter of social class and that it is not more prevalent among the so-called deprived sector of the community.
All the evidence indicates that the proportion of 52-9% of simplex cases without parental consanguinity, and a minimum of 15% of X-linked families, may be representative of the population of south-east England. The frequency of X-linked disease is related to families and not cases, and the families are drawn from the whole of England and Wales, with no evidence so far of any clustering in a particular region. It must be concluded that X-linked retinitis pigmentosa is a relatively common form of the disease throughout this country. SEGREGATION The clinical division of simplex cases into groups which were clinically autosomal dominant (with mild disease) or autosomal recessive (with severe disease) provided a basis for a similar division for the purpose of segregation analysis. The methods outlined above were therefore used on 3 groups depending on the selection of simplex cases included. Group 1 consisted of all multiplex sibships, all probably autosomal recessive families, and all simplex cases whatever the clinical category. Group 2 was similar to group 1 except that the simplex cases which were clinically autosomal dominant were excluded. And group 3 was also similar to group 1 except that only those simplex cases which were clinically autosomal recessive were included. The results of segregation analysis on the 3 groups of possibly autosomal recessive families are summarised in Since the distribution of simplex cases in the GC series was a deciding factor in the estimation of the segregation ratio, the equation derived by Morton55 and Morton and Chung56 in studies of muscular dystrophy was used to estimate the proportion of sporadic cases or phenocopies. According to Morton, if x is the proportion of sporadics among the simplex cases, and s, p, and vr are as previously defined, then the distribution P of families with one affected member is given by:
P is calculated by using 2 trial values of x for every value of s, and the expected number of sibships with one affected member is obtained from the calculated values of P. The value of x is then obtained by linear interpolation. The value of p used in this equation was arbitrarily chosen to be the estimated value obtained from multiple selection applied to group 2, which was considered to be the closest to the true figure. The calculation of x, the proportion of sporadics, was made for all 3 groups for purposes of comparison and for some indication of the validity of the assumptions made in their definition. The results show that for group 1 which included all simplex cases, x=0 29; for group 2, which excluded mildly affected simplex cases, x=0 10; and for group 3, which included only severely affected simplex cases termed 'clinically autosomal recessive,' x= -0-37.
Segregation analysis was performed initially on all simplex and multiplex cases, with or without consanguinity, which could be autosomal recessive. The value of the segregation ratio obtained by multiple selection is low with p=0-135, a finding common to other series.539 While the segregation ratio is expressed as a proportion, it is derived from the summation of affected sibs and the summation of all sibs of probands. A low segregation ratio may therefore be the result of a deficit of multiplex cases and/or an excess of simplex cases.
The deficit ofmultiplex cases may be due to late age of onset causing belated ascertainment of affected sibs, although this is unlikely, as the mean age of onset in this study was found to be 12-7 years and may well be lower. The mean family size in simplex cases did not differ significantly from that in multiplex cases, and it was therefore considered that the low value of the segregation ratio was due to the large number of simplex cases included in the analysis.
The simplex cases formed a clinically heterogeneous group, and this study has already demonstrated that the phenotype of the hemizygote in X-linked disease is not distinguishable from that of the male with autosomal recessive disease. Similarly, the phenotype of the obligate heterozygote in X-linked disease may not always be distinguished from that of the female with autosomal dominant disease. In the absence of any method demonstrating a measurable enzyme defect in autosomal recessive disease it was assumed that the autosomal recessive phenotype is generally one expressing severe disease. Thus for the purpose of simple segregation analysis the division of simplex cases according to clinical type, as shown on Table 3 , was used as a criterion for autosomal recessive transmission.
The values of p obtained for single selection in each group correspond to the case where there is only one proband per family, and those obtained for truncate selection correspond to the extreme case where every affected member is a proband. There were several families with more than 2 affected members, and it would have been most unlikely that they were all independently ascertained. Truncate selection is therefore a limiting case, and it is a useful tool in population genetics, but it does not correspond to the reality of practice at Moorfields Eye Hospital. The most acceptable value of the segregation ratio was that obtained by calculations from multiple selection, and it can be seen from Table 6 that in group 2 the value of p was 0-17 with a standard deviation of0-018. The value of p therefore lies between 0-15 and 0-20 within 95% confidence limits.
The assumption that all simplex cases in this series are not all autosomal recessive was further tested by using a statistical probability function. This function was derived from a study of muscular dystrophy56 and is used to calculate the proportion of 'sporadic' or nongenetic among simplex cases. It was applied to the data of the GC series based on a segregation ratio of p=0-17, and the results confirmed a few assumptions previously made. In group 1, which included all 175 simplex cases, the proportion of sporadic cases was 28-5% (50/175). When this number was adjusted for the calculated number of 16 X-linked cases, the number of sporadic cases in group 1 was 34, or a proportion of 19-4%. In group 3 there were manifestly too few simplex cases included, which led to a negative value for the proportion of sporadic cases. The most interesting result was in group 2, where the proportion of sporadic among the 125 simplex cases was 10-4% (13 cases). This result implies that after removal of the X-linked cases there were no sporadic cases or phenocopies in group 2.
The genetic status of the group of 50 simplex cases termed 'clinically autosomal dominant' is a matter for discussion. A number of females within this group may be X-linked heterozygotes, because the carrier state in X-linked disease is not always identifiable by .the methods at present in use in the absence of a typical pedigree. A certain number of males and females within this group may represent fresh autosomal dominant mutations. The data on parental age in this group are incomplete and the ages are not corrected for parity, but there are, however, 9 instances where the age difference between spouses is equal to or greater than 7 years. These results indicate that there may be some fresh autosomal dominant mutations in this group. Nevertheless the results of mathematical analysis alone imply that there may be as many as 34 (19-4%) sporadic cases or phenocopies among the total number of simplex cases.
By definition this group of 'clinically autosomal dominant' cases has a relatively late onset of mild disease, and the parents are frequently not available for examination. It is possible that a certain number of these parents may have been subclinically affected or even that the grandparents may have been mildly affected. Some of these cases may therefore represent X2 test is applied to the deviation from the expected 1:1 ratio. The segregation ratio is the number of affected offspring to total number of offspring, and the penetrance is the ratio of the calculated to theoretical value of the segregation ratio. The segregation ratio for the autosomal dominant families was found to be p=0453, indicating a penetrance of 90X6%. There were in fact 12 pedigrees out of a total of 104 (11.5%) showing reduced penetrance.
X-linkedfamilies. The method used was that given by Emery" for X-linked recessive inheritance, since no pedigree in the GC series fulfilled the criteria for X-linked dominant transmission. The method used was similar to that used for autosomal dominant inheritance, except that the segregation ratio in this case was the number of affected sons to the total number of sons. There was the added condition that only the male offspring of obligate heterozygotes were considered. This condition would have restricted the number of infornative sibships to such. a degree that it was decided to consider the whole pedigree in the calculations and not merely the proband's generation.
The segregation ratio for X-linked families was p=047, which is in good agreement with the theoretical value. The number of informative families was small, as only the sons of obligate heterozygotes were included in the analysis.
IMPLICATIONS FOR GENETIC COUNSELLING
The Genetic Clinic series remains the basis of this study owing to the unique combination of genetic and clinical information it provides. Every single proband, and numerous relatives of probands, were seen by one or 2 of only 3 clinicians, resulting in a remarkable homogeneity in clinical approach. The main conclusions drawn from the results of the various analyses should be considered in the light of corroborative evidence from the Electrodiagnostic series.
Frequency of genetic forms. The frequency of the different genetic forms in the GC series was identified initially by considering the phenotype and the family history. The estimation of the unidentified X-linked proportion in the series has shown that the phenotype is not necessarily distinguishable from the autosomal recessive phenotype in the hemizygote and from the autosomal dominant phenotype in the heterozygote.
In the group of conditions such as retinitis pigmentosa, where there is genetic heterogeneity and the occurrence of phenocopies, it cannot be presumed that all cases which are not demonstrably autosomal dominant or X-linked are necessarily autosomal recessive. Segregation analysis has demonstrated that autosomal recessive transmission may be assumed in a group defined by a number of criteria. It has been shown that autosomal recessive retinitis pigmentosa usually produces early and severe visual loss. Autosomal recessive disease can be assumed if one or more sib is severely affected, particularly if there is parental consanguinity. A proportion of severely affected male simplex and multiplex cases are X-linked, and in these instances the heterozygotes usually show evidence of being mildly affected, in contrast to the heterozygotes for autosomal recessive disease, who at present cannot be distinguished from normal individuals.
If these criteria are applied to the GC series, then the autosomal recessive group comprises: 29 families with evidence of parental consanguinity; 28 multiplex sibships termed 'mixed multiplex'; 8 multiplex sibships termed 'male multiplex'; 109 simplex cases with severe disease. The total number of families in the above group is 174, which is 40-8% of the GC series. The frequency of the different genetic forms in the GC series is therefore as shown in Table 7 . Males without parental consanguinity and with severe or moderately severe disease form 74% (76/103) of the total, and, of these, 21% (36/76) are estimated to be X-linked, the remainder being autosomal recessive (79%). When the disease is severe or moderately severe, the ratio of autosomal recessive to X-linked is 4 to 1. The risk of transmitting autosomal recessive disease is very small, as it depends upon the frequency of heterozygotes in the general population. In X-linked disease sons are unaffected but all daughters are obligate heterozygotes. Males with severe or moderately severe disease, whose genetic status is uncertain, have negliglible chance of producing affected children (provided they have not married a relative), but have a 1:10 chance of producing a daughter who is a heterozygote for X-linked disease.
Males with mild disease form the remaining 26% of the total, and the problem of their genetic status is not entirely resolved. They may represent fresh autosomal dominant mutations, autosomal dominant transmission with reduced penetrance, or unidentified phenocopies. Taking into account the 90-6% penetrance in autosomal dominant retinitis pigmentosa and the small incidence of phenocopies, this group of males with mild disease have approximately a 45% chance of producing affected children who will also have the mild form of the disease.
Similarly, females without parental consanguinity and with severe or moderately severe disease comprise 68% (49/72) of the total and may be counselled on the basis that they have autosomal recessive disease. The remaining 32% of the total are females with mild disease, a number of whom may be expected to be obligate heterozygotes for X-linked disease and the others fresh autosomal dominant mutations, autosomal dominant transmission with reduced penetrance, or unidentified phenocopies. In contrast to males in whom X-linked transmission is suspected but cannot be confirmed due to the lack of availability of obligate heterozygotes, a precise diagnosis can usually be established in the females by the time they are of childbearing age. It is usually possible to distinguish clinically between females who are obligate heterozygotes for X-linked disease and those who have autosomal dominant disease. The former have a 50% chance of their sons having severe disease, while the latter have a 45% chance of their children having mild disease.
Comment. The methods of analysis which were used are those currently available, and they are based on some assumptions and conditions which are not always realised in clinical practice. The systematic recording of ascertainments, referrals, and similar data is a prerequisite of a certain type of statistical analysis. It is an approach which is admirably suited to the computerised methods of the present day, but which must serve and not dominate the clinician in the practice of medicine.
It is perhaps apt to end with the observation that after 20 years of collecting families with retinitis pigmentosa Nettleship2 found that half his cases had no family history and no parental consanguinity. The findings in this study are remarkably similar, but it is hoped that the conclusions which are tentatively submitted will be of some assistance to the clinician in giving genetic advice and to those who continue the research into this disease.
Conclusions
(1) The various phenotypes in retinitis pigmentosa cannot always be easily recognised in the absence of a corroborative family history.
(2) The X-linked form of retinitis pigmentosa is a common form of the disease in England and Wales. It was identified clinically as 15-7% and calculated as 22-3% in the Genetic Clinic series, and it was estimated that a minimum of 15% of families in the (4) The criteria for autosomal recessive transmission in retinitis pigmentosa should include severe disease.
(5) The clinical assessment of simplex cases is essential for determining their genetic status. There were 192 simplex cases with or without parental consanguinity in the GC series, and, of these, 50 (26%) were mildly affected with disease resembling autosomal dominant disease in clinical form and progression. It is considered that this is not wholly accounted for by a mild phenotype in autosomal recessive disease, but more probably evidence of fresh autosomal dominant mutations, autosomal dominant transmission with reduced penetrance, the heterozygous state of X-linked disease in some of the females, and phenocopies.
(6) The results in the 2 series reflect a bias of ascertainment inherent in each.
(7) The excess of female probands in the autosomal dominant families in the Genetic Clinic series may indicate a greater concern for the genetic implications of the disease in women than in men.
